Abstract-The design of nowadays complex systems requires a collaboration between a diversity of stakeholders: from domain experts to customers. For a collaboration to be efficient, the relevant information have to reach the right stakeholder at the right time in a format that is understandable to him/her. We propose a formal framework to integrate the meaning projected by stakeholders onto their data (the denotation), so that it can be unambiguously used by others. An implementation of this framework, relying on the existing language xOWL (extension of OWL2 with behavioral constructs), is then provided to perform the semantic integration of the captured denotations in an MBSE approach.
I. INTRODUCTION
In this day and age, the design of a complex system requires the collaboration of a vast range of stakeholders. This includes engineers (mechanics, electrics, human factors, ergonomics, etc.) but also the clients, legal and regulation experts, business strategists and more. They are not all required to collaborate with every other experts all the time; but they all have a say in the system's design.
As summed-up in [1] , Collaborative Engineering is concerned with various fields, such as the technological, social, socio-technical, decisions making, and negotiation ones. In the context of Model-Based Systems Engineering (MBSE), [2] pointed out some prerequisites for a successful collaboration. One of them is: the exchange of relevant information between the right people at the right time.
One of the root cause of misinterpretations and misunderstandings during the design of a system is that stakeholders may associate different meanings to the same signs [3] . To improve this situation in the collaboration, we propose to capture the surface meaning stakeholders associate to their data, so that it can be understood by others, i.e. their denotation [4] . Doing so, the interpretation of the incoming signs by the receiving stakeholder can be made less ambiguous through the use of the captured denotation.
In a MBSE context, dealing with structured languages and considering the use of SysML [5] , in a given tool, one may interpret the sign "Brake" in the Figure 1 , as the concept "System Function Brake" of the domain "Functional Architecture"
(i-a), another as a "SysML::Block" (i-b), and finally as a "UML::Class" with a "Block" stereotype (i-c). From a Systems Engineering perspective, the expert from the "Functional Architecture" domain would capture its denotation: "System Function is represented by SysML::Block". A collaborator (an expert from another domain), would then be able to use the captured denotation to extract the relevant information and use it in its domain. The original meaning in the language's specification, here SysML, then becomes irrelevant for our purpose. As presented above, a required element is the capture of the stakeholders' original denotation for their data, i.e. the semantics they project onto their data. Although the capture and sharing of the denotation is necessary, it is not sufficient. The recipient of the information still need to relate the concepts from the sender's denotation to his own concepts [2] . We argue in this paper that a possible way to reduce the risk of misinterpretation, and thus to improve the quality of the collaborations during the design of a complex system, is to support the meaningful exchange of engineering data at the system level. Indeed, this approach differs from the usual dogma in the MBSE community by refuting the need for a central common vocabulary encompassing all domains and advocating for the point-to-point mediation of meaning during focused collaboration. The use of a common language does not imply a shared understanding.
Therefore, we propose to formally capture the meaning projected by the stakeholders onto their data (the denotation) so that it can be unambiguously used by others. More specifically, this paper focuses on the aspect of the collaboration regarding the semantically consistent use of the exchanged information in conjunction with others; i.e. how can we relate the meaning projected by multiple stakeholders so that they can later exchange information that is meaningful to them. An implementation of this formal framework, relying on xOWL [6] (extension of OWL2 [7] , [8] with behavioral constructs), is then provided to perform the semantic integration of the captured denotations in an MBSE approach.
The remainder of the paper is organized as follows. Section II formalizes our approach for this particular issue. Section III presents some related works. Finally, the last Section draws our conclusion and narrows down possible future works.
II. FORMAL FRAMEWORK FOR SEMANTIC-AWARE COLLABORATIONS
Our approach is to provide a way to relate the denotations of the stakeholders for their data, i.e. a way to integrate the meaning projected by the stakeholders onto their data. This approach is really twofold: i) capturing the denotations of the stakeholders as languages, ii) the integration of their semantics through a federation of languages.
A. Some background on modeling and languages
Here, we build upon the linguistic approach to metamodeling of [9] where a modeling language is defined by its abstract syntax, which specifies its linguistic constructs. Declarative and/or operational semantics define the structural and behavioral aspects of the language's domain. Consequently, the semantics of a modeling language is a mapping from the abstract syntax onto the semantic domain, as defined in [10] , [11] . When formal semantics is desired, the semantic domain is a mathematical theory such as Description Logic; it can also be simply expressed in a natural language, as noted in [10] .
Leaving out the concrete syntax and its mapping, a formal language is noted L = A, S, M where A is the language's abstract syntax, S a semantic domain (Description Logics for example) and M is a semantic mapping, i.e. a function from A to S (M : A → S).
A model O expressed in the language L is said to be a linguistic instance of L. It is defined by saying that all elements of O are expressed using elements of the abstract syntax A. Mathematically, every element o of O is mapped to an element t of A. Following [9] , this is noted o l t and is extended to models O l L. The function mapping elements of the model to their corresponding abstract syntactic construct is denoted 
B. Intention-Specific Modeling Language (ISML)
In this paper, we hypothesize that a stakeholder's denotation can be captured as a formal language, here designated by Intention-Specific Modeling Language (ISML), because it is specific to the stakeholder's intention regarding its data. An ISML capturing a stakeholder's denotation will be composed of the same concrete syntax as the original language (same signs). However, the abstract syntax will contain the concepts projected by the stakeholder onto its data and the semantic domain will give their mathematical interpretation.
Back to the example of the functional architecture, the original language for the model is SysML. The ISML that captures the system engineer's denotation will then have: i) the sign "SysML::Block" in its concrete syntax; the concept of "System function" in its abstract syntax; and the mathematical interpretation of "System function" in its semantic domain. It is important to note that ISMLs are specific to a particular stakeholder, or class of stakeholders in a collaboration. They are also specific to original structured languages (signs) used by the stakeholders. This means that different classes of stakeholders can use the same original structured language to express their data, but associate different meanings to the signs. This case is a very common one when general-purpose modeling languages such as UML [12] are used, or when the information is structured in implicit forms such as spreadsheets.
Defining an ISML L i using a meta-language L meta is done by expressing its abstract syntax using L meta . This is the case, for example, when we use Meta-Object Facility (MOF) [13] to specify the ISML. In this framework, if
an element a of the ISML's abstract syntax A i is mapped to the corresponding couple (a → s) of the semantic domain of the ISML. Once the ISML L i is defined, it can be used to express a
The semantics of the model O i , S Oi is easily obtained using the previous definition of the semantics of a model:
It can be made further explicit as:
The function S Oi associates a model element o ∈ O i to an element of the semantic domain of L i , i.e. a couple of the form
It is interesting to note that the semantics of a model element o is not simply related to an element of the semantic domain of the metalanguage, but to the association of an element of the abstract syntax (A i ) and its corresponding element of the semantic domain S meta . By consequences, different ISMLs expressed in the same meta-language L meta can use the same abstract syntax elements of A meta but still have different semantics. For example, a first ISML can be expressed using MOF (the meta-language) and define a class x in its abstract syntax, and a second ISML still expressed using MOF defines a class y. In the semantic domain of the first ISML, we will have (x → class); and in the second we will have (y → class). The consequence is that models expressed in the first ISML can have elements expressed with x that have the first couple as semantic; and models expressed in the second ISML have elements expressed with y that have the second couple as semantic. Because the semantics of the two ISMLs are different, the models are not trivially compatible.
C. ISMLs federation
Once the stakeholders' denotations have been captured as ISMLs, we need to find out the relations between them in order to be able, in the end, to say that sign A in domain X may correspond to sign B in domain Y. Hereafter, we present a formal federation framework for the syntactic and semantic integration of structured languages. Because we capture the denotations as languages, we propose to rely on techniques to do so.
First, the syntactic integration corresponds to the mapping of the concepts in the ISMLs' abstract syntaxes (ISMLs Federation). Then, the semantic integration means that the mapping of the syntactic elements (concepts) must be consistent with their associated semantics in the respective semantic domains, i.e. their associated mathematical interpretations must be equivalent. For structural semantic integration, we aim at relying on ontology mapping approaches. Finally, an extension of these approaches is described to take into account behavioral semantics when integrating ISMLs. The objective of this framework is to demonstrate how to achieve such an integration and to position how ontology mapping approaches can be leveraged at system level.
The goal is to relate the different ISMLs corresponding to stakeholder's denotation of their data. This is to be achieved through the syntactic and semantic integration of the ISMLs, here noted L i . This integration is performed in the form of a federation in this paper. The federation must produce a syntactically and semantically integrated access to the federated languages L i . For this purpose, a federation relies on the production of a federation language L f .
∀i, L
A federation of these ISMLs is then specified as a federation language L f associated to a collection of morphisms ϕ i , one for each ISML of interest.
The federation language L f essentially acts as the blue-print for the federated models representing the results of the realization of the federation on models expressed in the ISMLs of interest, i.e. the stakeholders' data. A morphism ϕ i captures the relations between the abstract syntax elements of L i and the abstract syntax elements of L f :
As defined above, ϕ i is a relation that is able to associate any number of elements of A i to any number of elements of A f . This means that some particular ϕ i may not map the complete abstract syntax of the associated ISML. The ISMLs federation is realized when the semantics associated to the mapped part of a ISML is equivalent to its associated counter-part in the federation language L f . This is expressed as:
In this definition, for all language L i a relation m i must exist between the semantic domains S i and S f (1) such that for all self-contained subset ψ of the morphism ϕ i (2) the semantics of the abstract syntax elements dom(ψ) is equivalent to the transformed semantics of its mapped elements in A f (3). According to line 2, a self-contained subset of ϕ i , is a subset ψ such that there is no other couple (a i → a f ) ∈ ϕ i not in ψ such that a i is in the domain of ψ or a f in its range. This means that all the considered mapped elements from A i and A f in this subset are not referred to by mappings outside the subset. In line (3), dom(ψ) M i is the subset of the semantic mapping M i for the abstract syntax elements considered in the current subset of the morphism. The range of this partial relation is then a subset of the semantic domain S i . In the same way, ran(ψ) M f is the subset of the semantic mapping M f for the abstract syntax elements in A f considered in current ψ. The transformed subset of S i must be equal to the corresponding subset of S f for the federation to be semantically sound. In practice, only the ϕ i morphism would have to be made explicit for the actual federation to take place. It suffices to demonstrate that the relation m i exists. The relation can be as trivial as the identity function if the semantic domains S i and S f are the same.
It can be noted that whereas the ϕ i morphism performs the syntactic federation of L i , the semantic federation is ensured by the relation m i . The above definition does not tell, however, how exactly the syntactically and semantically sound federation should be achieved.
D. ISMLs federation with ontology mapping
The mapping of ontologies is a collection of techniques for the semantically sound integration of different ontologies expressed in an ontology description language. In this context, a possible solution for the realization of the federation of ISMLs would be to express the abstract syntaxes of the addressed ISMLs in ontologies and rely on one of these techniques to Figure 2 illustrates this approach. An important point, though, is that the behavioral aspects of the different ISMLs will have to be ignored whenever the abstract syntaxes are expressed using an ontological language that only maps to declarative semantics. To represent this problem, the relevant parts are grayed in Figure 2 . Still, the rest of this sub-section demonstrates how an ontology mapping approach can be used to perform a federation of ISMLs, the following one addressing the gray parts.
The mapping of ontologies is defined in [14] as "the task of relating the vocabulary of two ontologies that share the same domain of discourse in such a way that the mathematical structure of ontological signatures [...] are respected." More formally, the ontology mapping of
This means that (4) the morphism f is a function associating elements from O 1 to elements of O 2 so that (5) for all such mapping (o 1 → o 2 ) defined in f , there is s in the semantic domain of L O and (6) o 1 and o 2 are associated the same semantic s. Through the formal framework defined above, we use an ontology description language as the meta-language L meta in which the abstract syntax of the ISMLs of interest will be expressed. We then have the meta-language:
A particular ISML L i specified with this meta-language is then noted, as presented previously:
The function I i capturing the linguistic instantiation relations is still the same as herebefore. The same goes for the M i mapping the abstract syntax A i onto the semantic domain of
To perform the federation, the federation language L f shall also be specified using the same meta-language L meta .
The syntactically and semantically sound federation is then realized for the condition given previously:
Here, we make the assumption that ϕ i is an adequate morphism performing an ontology mapping as defined above. With this assumption, we have:
Using the definition of the semantic mapping of language expressed in a meta-language given above, we also have:
Because the morphism ϕ i is a function under the current assumption, the smallest self-contained subsets of ϕ i are single couples. They can be trivially recombined to form more complex subsets. The federation condition can be rewritten as:
The federation condition under the current assumption is then that it must exist a relation m i so that for each couple in ϕ i mapping an element of the abstract syntax A i to an element of the abstract syntax A f both elements are associated the same semantic s. This condition is always verified by a function m i trivially derived from the morphism ϕ i :
The conclusion is that under the assumption that all ϕ i represent ontology mappings, the condition for a syntactically and semantically sound federation of ISMLs is verified. This means that ontology mapping approaches can be directly used to perform the integration, i.e. the mapping of stakeholders' denotations, under the condition that the behavioral aspects are ignored.
E. Adding behavior
From the previous conclusion, one possible way to realize the mapping of the stakeholders' denotation is to express the abstract syntaxes (concepts) of the associated ISMLs as OWL2 [7] ontologies. Doing so, we can rely on existing ontology mapping approaches to perform the syntactic and semantic integration that realizes the mapping of the denotations. A major drawback of using pure OWL2, however, is its inability to formalize behavioral semantics. For this purpose, we propose to rely on the xOWL language introduced in [6] . xOWL is an extension of OWL2 that supports the expression of behavioral constructs and capture their formal semantics. These are defined in conjunction with the standard model theoretic semantics (also called direct semantics) of OWL2 defined in [8] . Structural Operational Semantics have been chosen as the semantic domain of xOWL for the behavior because they enable the compact expression of the semantics and are easily integrated with Description Logics, the semantic domain of the OWL2 language. The behavioral semantics of xOWL are then defined with an abstract interpreter [15] . Using xOWL, the structural and behavioral aspects of the ISMLs can be expressed. The structural aspects will be expressed using pure OWL2. For example, the part of a domain about state machines will be expressed in xOWL as follow. The State and Transition concepts are expressed as OWL2 classes with the corresponding relations. The algorithms describing how to execute state machines are then expressed in the xOWL ontology using Clojure 1 code. This is the purpose of the smNextState and smSimulate function: T r a n s i t i o n ) 7 O b j e c t P r o p e r t y R a n g e ( : o r i g i n : S t a t e ) 8 F u n c t i o n a l O b j e c t P r o p e r t y ( : t a r g e t ) 9 O b j e c t P r o p e r t y D o m a i n ( : t a r g e t : T r a n s i t i o n ) 10 O b j e c t P r o p e r t y R a n g e ( : t a r g e t : S t a t e ) 11 F u n c t i o n a l O b j e c t P r o p e r t y ( : symbol ) 12 O b j e c t P r o p e r t y D o m a i n ( : symbol : T r a n s i t i o n ) 13 O b j e c t P r o p e r t y R a n g e ( : symbol : SystemEvent ) 14 15 F u n c t i o n D e f i n i t i o n ( : s m N e x t S t a t e ( f n [ s t a t " <" e v e n t "> : o r i g i n <" s t a t e "> . " 21 " <" e v e n t "> : t a r g e t ? s . } }") ) 22
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In this approach, summarized in Figure 3 , the mapping of the denotations of stakeholders in a collaboration is achieved by 1) the capture of the stakeholders' denotations as ISMLs, 2) the expression of the abstract syntaxes of the ISMLs as xOWL ontologies, 3) the expression of a federated xOWL ontology representing the abstract syntax of federated ISMLs and 4) the use of an ontology mapping approach for the specification of the ϕ i morphisms performing the federation.
III. RELATED WORKS
Some related approaches come from the MBSE community, others from the Semantic Web one.
The MBSE community often distinguish between "formal" and "informal" models. Whereas "formal" models are intended to be unambiguously interpreted by machines and still readable to humans, "informal" models are solely intended for humans. Not only do they have a greater risk for misinterpretation, but also is this fuzziness actually embraced by the standardization organization as a feature. For example, the UML language includes the notion of "semantic variation point" [12] that paves the way for stakeholder-specific interpretations of a UML model. However this particular trait of the language was originally intended as a compromise for disagreeing future tool vendors for the language. Its purpose was not to recognize the variability in the end-users' interpretations.
The failure to recognize this variability is a common symptom of the MBSE community. MBSE practitioners usually value the identification of a common vocabulary in order to help stakeholders from different domains to collaborate [16] . This way of thinking takes a concrete form in tools and standards that emphasize a central repository of knowledge using a single vocabulary for all considered domains [17] . This fails to recognize the variability in the meaning associated to the vocabulary and do not help at reducing the chance for misinterpretations. It has to be noted that some effort in the MBSE community goes toward the use of ontologies in order to build common vocabularies, integrate and share data [18] , [19] . These approaches leverages ontologies as a way to provide a holistic representation of the system under study across domains so that consistency analyses can be performed. They still enforce the dogma of a centralized repository of knowledge with a single common vocabulary. The stakeholders still have to project their domain's concepts onto the foreign vocabulary in the central repository.
As presented in Section II, ontology mapping approaches can be used to realize the semantic federation of the ISMLs representing the denotations of various stakeholders in a collaboration. With broad strokes, ontology mapping approaches can be classified into two categories: First, Ontology Merging, which consists in merging all the considered ontologies into a single one [20] . The approaches in this category perform a syntactic and semantic federation by resulting in a single ontology representing the integrated abstract syntaxes of all the considered DSMLs. Second, Semantic Bridges, which consists in the definition of semantic mappings (or bridges) between the considered ontologies [21] . The approaches in this category only perform a semantic federation because they only focus on the semantic alignment of the ISMLs.
In the Model-Driven Engineering community, several works also have identified and addressed the problem of the syntactic and/or semantic federation of multiple languages. The earliest work in this regard is the introduction of Semantics Units in [22] . In this approach, the authors define the notation of Semantic Unit as a gateway for the specification of formal declarative and operational semantics for languages. Semantics Units are always mapped to the same semantic domain, thus realizing their semantic integration. Given a set of languages, the approach consists in building a set of Semantic Units, which semantics can be merged. How these Semantic Units are built completely depends on the given languages, as noted in [22] .
IV. CONCLUSION
In systems engineering, collaborations between stakeholders from different domains involved in the conception of a complex system is ever more necessary. In this paper, we argue that the collaboration shall be facilitated and made more efficient by reducing the misunderstanding and misinterpretation of the stakeholders' data when exchanged. Our approach to tackle this issue is to formally capture and integrate the meaning projected by the stakeholders onto their data (the denotation), so that it can be unambiguously shared. A formal framework is consequently proposed, and an implementation of it, relying on xOWL, is provided to perform the semantic integration of the captured denotations in an MBSE approach.
A first limitation of this approach is that it requires the capture of the stakeholders' denotations for their data. Although we propose a way to formalize the captured denotations as languages, the capture itself can be challenging. At this time, it is possible to manually realize the capture through interviews with the experts; but this process should be at least partially automated. This constitutes one of the research tracks for our future works.
